One contribution of 11 to a theme issue 'Theoretical and computational studies of non-equilibrium and non-statistical dynamics in the gas phase, in the condensed phase and at interfaces' .
We present dynamical studies of the dissociation of polycyclic aromatic hydrocarbon (PAH) radical cations in their ground electronic states with significant internal energy. Molecular dynamics simulations are performed, the electronic structure being described on-the-fly at the self-consistentcharge density functional-based tight binding (SCC-DFTB) level of theory. The SCC-DFTB approach is first benchmarked against DFT results. Extensive simulations are achieved for naphthalene C 10 H + 8 , pyrene C 16 H + 10 and coronene C 24 H + 12 at several energies. Such studies enable one to derive significant trends on branching ratios, kinetics, structures and hints on the formation mechanism of the ejected neutral fragments. In particular, dependence of branching ratios on PAH size and energy were retrieved. The losses of H and C 2 H 2 (recognized as the ethyne molecule) were identified as major dissociation channels. The H/C 2 H 2 ratio was found to increase with PAH size and to decrease with energy. For C 24 H + 12 , which is the most interesting PAH from the astrophysical point of view, the loss of H was found as the quasi-only channel for an internal energy of 30 eV. Overall, in line with experimental trends, decreasing the internal energy or increasing the PAH size will favour the hydrogen loss channels with respect to carbonaceous fragments.
This article is part of the themed issue 'Theoretical and computational studies of non-equilibrium and non-statistical dynamics in the gas phase, in the condensed phase and at interfaces'.
Introduction
Polycyclic aromatic hydrocarbons (PAHs) have received considerable interest since they were proposed, in the mid-1980, to be the carriers of the aromatic infrared bands, a set of infrared (IR) emission features observed in the 3−15 µm range in many regions of the interstellar medium (ISM) [1, 2] . PAHs would also be candidates to carry the diffuse interstellar bands (DIBs), which are weak absorption bands measured between 0.38 and 1.3 µm on the galactic extinction curve [3] . Besides, PAHs are likely to play a role in the chemistry of the ISM, in particular a catalytic role in the formation of small molecules such as the most abundant one, H 2 [4] . Despite many experimental and theoretical studies [5] , yet no specific molecule has been identified. The study of the processing of PAHs (formation, destruction and reactivity) in the ISM has also aroused considerable interest. It is a current extensive research area that requires the synergy of experimental, astrophysical and chemical modelling so as to improve its understanding. This study enters this framework.
In the ISM, and in particular in photodissociation regions, PAHs are irradiated by the UV light emitted by stars. Following the absorption of a photon, four main channels to dissipate the energy enter in competition: ionization, IR radiative relaxation from vibrational modes, electronic transitions, ejection of small subfragments such as H, H 2 and C 2 H 2 [6] .
Unimolecular dissociation of PAHs has received considerable interest since the mid-1990s with the pioneering work by Jochims et al. [7] through experimental and modelling studies, in order to derive photodissociation rates to be included in astrochemical models [6, 8, 9] . Since then, many experimental studies have been dedicated to the photodissociation of PAHs [10] [11] [12] [13] [14] [15] [16] . In the ISM, PAHs are also associated with a very harsh environment where they are likely to be destroyed through stellar winds, shock waves and hot ionized gas. The processing of PAHs in such environments, in particular their collisions with energetic ions and electrons, has been modelled [17] [18] [19] , but the details of the processes are not fully understood. Erosion by hot gas would lead, in particular, to the progressive loss of C 2 H n fragments (n = 0, 1, 2) [17] . PAH dissociation induced by collision with energetic ions has been the object of several experimental studies [20] [21] [22] [23] [24] [25] [26] in which the dependence of the fragmentation patterns of the PAH on its size and on the energy and nature of the colliding particle has been investigated.
Regarding theoretical studies on the dissociation of PAHs, a few static density functional theory (DFT) studies are available [27] [28] [29] , with special focus on the H and H 2 losses [28, 29] . To the best of our knowledge, dynamics studies regarding PAH dissociation are scarce. The dissociation of anthracene resulting from collision with H and He has recently been modelled with molecular dynamics (MD), using a force field to describe the PAH-particle interactions. This study showed that slow ion processing primarily induced a loss of C 2 H 2 (and other C m H n fragments) rather than induced a C-atom knockout [30] . Regarding dissociation kinetics, they can be estimated with the Rice-Ramsperger-Kassel-Marcus (RRKM) theory, using the observables obtained from static calculations [11] [12] [13] . A RRKM mapping has been done for cationic naphthalene [27] . Let us mention, however, that RRKM supposes that the paths are known, whereas in the case of large PAHs, one may need to consider many possible paths. Another limitation relies on apparent non-RRKM behaviour, for instance in the case of dissociation faster than the energy redistribution. Let us mention finally that RRKM is very often used neglecting anharmonic effects of the potential energy surface (PES). To the best of our knowledge, all theoretical studies on PAH dissociation available in the literature have been achieved in their ground electronic state.
In this paper, we present dynamical studies of PAH radical cations in their ground electronic state with significant internal energy spread statistically over vibrational modes leading to isomerization and dissociation. We chose to study first the dissociation of the smallest PAH, namely naphthalene radical cation C 10 H + 8 , to benchmark the approach in particular. Then the dissociation dynamics of pyrene C 16 H + 10 and coronene C 24 H + 12 are studied, the latter being a prototype for compact PAHs of astrophysical interest. Before presenting and discussing the results of MD simulations ( §4), we introduce the computational approach ( §2), and some static benchmark calculations of a small portion of the PES explored during MD simulations ( §3). 
Computational approach
All simulations are performed in the microcanonical ensemble within the Born-Oppenheimer MD scheme, computing the potential energy on-the-fly. The nuclei obey the classical equations of motion, integrated with the velocity Verlet algorithm using a timestep of 0.1 fs so as to ensure a constant total energy (deviation less than 0.5 % of the initial kinetic energy), except in the particular case of constrained density functional tight-binding (DFTB). Initially, the kinetic (vibrational) energy is spread randomly over all the atoms of the molecular system, with fast statistical redistribution over all vibrational modes.
The scheme retained to solve the electronic problem should allow the calculation of millions of single point energies, which is mandatory to obtain statistically relevant results, and be able to describe bond breaking. In that context, the DFTB method [31] [32] [33] [34] [35] [36] is particularly adapted as an approximation of DFT with a much lower computational cost. It has already proven its efficiency to describe chemical processes, such as reactivity [37] . In this work, we have used the second-order version of DFTB, also known as self-consistent charge (SCC)-DFTB [33] , using the mio-set of parameters [33] and the dispersion correction as reported in reference [38] . We used a Fermi distribution (Fermi temperature between 500 and 1500 K) to determine the molecular orbital occupations. It avoids oscillation problems during the search for a self-consistent solution, often arising when computing DFTB energy for dissociated or close to dissociation systems, and allows to recover continuity in energy and gradients in the case of level crossing. We note that a Fermi temperature of 1500 K was used by Kukk et al. [39] to simulate the dissociation of the thiophene molecule SC 4 H 4 .
Modelling dissociation of charged systems with DFT, and therefore with DFTB can lead to some well-known artefacts, related to the self-interaction error [40] as for instance (i) at dissociation limit, the variational search for the electronic ground state can attribute partial charges to the fragments [41] ; (ii) during the dissociation process, if the charge is spread over the two fragments, a spurious coulomb repulsion interaction appears between the two fragments. These artefacts are more important in the case of symmetric dissociations [42] , but one can wonder to which extent it may affect the results of our simulations. At the dissociation limit, the problem can be cured by using the constrained DFT [43] (or its extension to DFTB [44] ), in which the variational problem is solved with an additional constraint enforcing the charge to be localized on a given fragment. In practice, the DFT (or DFTB) Kohn-Sham effective hamiltonian is modified as
where P is a projector of the density on a given subfragment and λ is a Lagrange multiplier. Technically, each step of the self-consistent process includes a search of the λ parameter, which gives the correct number of electrons localized on the given subfragment. To illustrate this point, figure 1 represents the dissociation curve corresponding to the removal of an hydrogen atom from the cation CH + 4 , without relaxing the fragments. The zero energy reference is taken as the sum of two independent energy calculations for the isolated fragments CH + 3 and H and corresponds to the correct dissociation energy. The DFTB dissociation curve clearly shows that (i) the lowest energy obtained at dissociation with partial charges is much lower than the correct one and that (ii) the spurious 1/R repulsion is significant and responsible for the presence of a barrier. On the opposite, enforcing the charge to be localized on the CH 3 fragment with constrained DFTB leads to a correct dissociation behaviour but overestimates the energy of the molecule in its equilibrium geometry.
Therefore, for C 10 H + 8 , in addition to the standard MD dissociation simulations, we performed dynamics using the following scheme: (i) we run the simulation of the molecule with standard DFTB potential (i.e. no constraint) until we detect a dissociation is about to occur. (ii) We identify the heaviest fragment. It will be naively assumed to carry the charge. For the following MD steps, the potential energy is computed from constrained DFTB, with the constraint localizing the charge on this fragment. In the case of another evaporation of this charged fragment, the process of charge localization on the heaviest fragment is repeated. We note that the idea of + as a function of the H-CH 3 distance (d), without relaxing the fragments, with DFTB (dashed lines) and with constrained DFTB (solid lines).
performing a single projection on an adiabatic surface presents some similarities to what is done in the treatment of dissociation in excited states [45] . Let us precise that we define a dissociation is occurring when the smallest distance between the atoms of two fragments is larger than a given critical distance (typically 2.5 Å).
For a given PAH + and for a given energy, we performed from several hundreds to 1000
trajectories. From these simulations, branching ratios and kinetic data are obtained. Two energy domains are considered: either at high energy for which all simulations present a dissociation within 100-200 ps, or minimum energy for which dissociation can be observed in reasonable timescale (5 ns maximum for C 10 H ). The number of simulations to reach convergence depends on the system and on the energy. We noted that both kinetic behaviour and qualitative trends on the branching ratios are already present with only 100-200 simulations. With 1000 simulations, convergence on kinetics and branching ratios is expected to be reached (this was checked, for instance, for C 24 H + 12 with 30 eV of internal energy). This approach also allows us to have a glance at the composition and structure of the lost neutral fragments, and on the mechanisms leading to the formation of atoms and molecules of astrophysical interest. All the MD/DFTB calculations are performed with an experimental version of the deMonNano code [46] .
Benchmark of the density functional-based tight binding potential energy surface
In our simulations, structural rearrangement occurs prior to dissociation. We identified, in particular, isomerizations into H-shifted isomers, five-member ring isomers bearing a vinylidene group and opened-ring isomers with ethynyl groups. A few snapshots taken during the dynamics (prior to dissociation) are reported in figure 2 . Local DFTB gradient optimizations on some particular low-lying isomers were achieved and their relative energies with respect to the most stable isomer were compared with DFT results as the benchmark. DFT calculations were performed using the B3LYP functional and the 6-311G(d,p) basis set with the Gaussian09 suite of programs [47] . The results are reported in Regarding the relative energies of the different paths, the energy for the loss of H 2 with respect to the loss of H is overestimated with DFTB versus DFT, whereas the energy difference for the loss of C 2 H 2 versus the loss of H is similar at the DFTB and DFT levels of theory. From these energetics considerations, we may expect in the MD simulations at the DFTB level that (i) the minimum energy for PAH + dissociation will be overestimated and (ii) the H 2 path branching ratio with respect to the others will be underestimated.
Dissociation: molecular dynamics results
We studied the statistical dissociation of C 10 H Figure 3 . DFTB optimized structures of several isomers and dissociation products of C 10 H + 18 . (Online version in colour.) Figure 5 . DFTB optimized structures of several isomers and dissociation products of C 24 H our method essentially presents drawbacks related to self-interaction error, and we performed some benchmark with the more time-consuming charge constraint approach, which also has its own drawbacks but not those associated with self-interaction error.
(a) C 10 H + 8
The evolution of the abundance of the parent C 10 H + 8 ion with 18 eV of internal energy, and of the fragment ions as a function of time are reported in figure 6. Comparing figure 6a,b (also c and d focusing on the most abundant fragments), we see that constraining the charge on the largest fragment during the dynamics does not modify the disappearance kinetics of the parent ion (liftetime τ of 30 ps in both cases, cf. table 2). Regarding the branching ratios, they are similar although not identical, the domination of the C 8 H + n fragments being enhanced with the charge constraint (27% versus 23% after 100 ps). The dominant fragment is C 8 H latter remaining really minor. Finally, the C 9 H + n fragments ions (loss of CH n ) are minor (ratio lower than 2%). Regarding the branching ratios, the predominance of the loss of C 2 H n fragments, and in particular of the ethylene molecule, appears as characteristic of a statistical fragmentation process [48] . On the opposite, the loss of CH n would not be favoured, and is indeed a minor path in our trajectories.
Based on this preliminary study of C 10 H At 30 eV, the parent ion is totally dissociated after 100 ps (τ = 10 ps), whereas only 13% are dissociated after 500 ps at 22 eV, leading to a τ value estimated at 3.5 ns. At 30 eV, the dominant fragment C 14 H + 8 corresponds to the loss of C 2 H 2 that was identified as the ethyne molecule. As can be seen in figure 7b, it reaches a maximum ratio of 26% at 25 ps, and continues fragmenting. The next most abundant fragment is C 16 H + 9 and corresponds to the loss of H (maximum ratio of 11% at 25 ps too). The loss of molecular H 2 remains minor (steady ratio of 3% for t > 50 ps). The loss of odd-numbered carbon chains is non-negligible when all dehydrogenation states are considered, but becomes individually small with respect to the losses of C 2 H 2 and H with a maximum ratio of 6% for C 13 H + 7 . Interestingly, at 22 eV, the loss of H becomes the major path with a maximum ratio of 5% at 500 ps, whereas the path corresponding to the loss of C 2 H 2 evolves parallely as a function of time with a maximum ratio of 4% at 500 ps (figure 7d). The loss of H 2 remains a minor path (ratio less than 1%), so as the loss of C 3 H and C 4 H 2 . The loss of H proceeds either through a direct mechanism or after H-migration at the surface of the PAH or on C atoms. From the observation of several trajectories, the loss of H 2 may arise either from two H from a sp 3 C atom after H-shift, which is known as the lowest energy path, of from the concerted release of two H atoms attached to two adjacent sp 2 observed. This is, in particular, the case when the internal energy of coronene is decreased down to 30 eV. As can be seen in figure 9d, only the loss of H (with a maximum ratio of 9%), and to less extent H 2 and C 2 H 2 , are observed. We achieved test calculations at the intermediate energy of 32 eV, where we derived an intermediate τ value of 92 ps with a parallel evolution of the H and C 2 H 2 loss pathways, the loss of H being predominant.
Reflected by the two top curves in figures 7d and 9d, the trends in losses of H versus C 2 H 2 in pyrene and coronene cations appear to be in line with DFT-PES explorations. Indeed, while the asymptote with respect to H loss is at about the same height in both cations (around 5.6 eV; table 1), the paths with respect to C 2 H 2 elimination are different in both cases. Not given in table 1 and detailed elsewhere [49] , the asymptotes with respect to C 2 H 2 eliminations are calculated as follows. For C 24 H + 12 , the dissociation limit is calculated at 7.4 eV, with a barrier of 8.1 eV to be overcome. For C 16 H + 10 , two paths have been explored. The most direct one, similar to that of coronene, corresponds to an asymptote of 7.1 eV, with a barrier of 7.6 eV to be overcome. A second one, less direct, seems much more favourable, associated with an asymptote lying at only 6.4 eV, with a corresponding barrier estimated at less than 7 eV.
(d) Discussion
The presented MD simulations do not completely cover all the processes occurring in photodissociation or collision experiments. Besides not describing possible ionization, one could, for instance, mention the neglect of the excited states' contribution to the process. This is probably reasonable assuming the general statement that internal conversion is very effective and that the excited electronic states reached by excitation either by collision or by photon absorption rapidly decay non-adiabatically to the ground state. The non-radiative lifetime for PAH radical cations in excited electronic states is indeed expected to be very short (less than several tens of fs [50, 51] ) because of numerous conical intersections, where non-adiabatic decay prevails [52, 53] . However, the presence of conical intersections may lead to overexcitation in specific modes, which could orient further fragmentation. Nevertheless, in the following, we compare theoretical and experimental branching ratios, and show some interesting common features regarding dependence on PAH size and energy. Our approach also allows us to derive kinetic data hardly accessible from experiments.
In the case of naphthalene dissociation simulations, we recognize carbonated fragment ions that have been identified in photodissociation experiments [11] , C 8 H + 6 and C 6 H + 6 , the former being more abundant than the latter in both experiment and theory. We note that experimentally [11] , the photons both ionize and fragment the subsequent ion. So loss of H and C 2 H 2 is observed with similar branching ratios for photon energy between roughly 16 and 19 eV, with a photoionization energy of 8.12 eV [7] . This means that 8-11 eV should be available for fragmentation, which is below the energy domain studied here. As expected, we observe some discrepancies with photodissociation experiments: the loss of H remains a minor path, although it was observed experimentally to be of similar branching ratio as the loss of C 2 H 2 in a reasonably wide range of energy. Besides, the loss of C 3 H 3 is an important channel in our simulations, and is not observed in photodissociation experiments. The discrepancy for the H/C 2 H 2 ratio cannot be accounted for by the DFTB energetics, the respective energy difference between the loss of H and C 2 H 2 even being underestimated with DFTB with respect to DFT (table 1). In addition to the possible role of excited states, one may also invoke simply and most probably the most significant role of the internal energy of the system: when decreasing the energy, one might be able to favour some direct H loss rather than C 2 H 2 and C 3 H 3 that are expected to require structural rearrangement with subsequent barriers. Motivated by such an idea, the dissociation of C 10 H + 8 with 14 eV internal energy was tried. One hundred simulations of 5 ns were run. The dissociation rate was found to be much slower (τ ∼ 4.4 ns), the loss of C 3 H 3 becomes minor (now in line with experiment) but the H loss remains minor. The internal energy should probably be decreased, and it would necessitate longer dynamics (up to 5 or 10 ns). Performing a sufficient number of such simulations to reach ergodicity would then become computationally expensive. We may note , the classical description of the nuclei may become questionable and nuclear quantum effects should be taken into account. Of course, full quantum dynamics for such systems are out of reach. One could think about path integral MD [54] but achieving exhaustive simulations would be currently too computationally demanding. An interesting alternative could be to use a semiclassical preparation scheme such as in reference [55] consisting of a quantum preparation of the system distributing the initial energy into the harmonic oscillators before propagating the classical equations of motion.
Although for the highest internal energies studied here, the fragmentation patterns are very complex and the observed C m H n fragments posses various hydrogenation states (figures 6, 7 and 9a), we observe a limited number of channels at lower energy (figures 6, 7 and 9c,d). In the latter conditions, we are able to distinguish fast processes such as the loss of H that occurs either directly or after H-migration, which is well-known, low-energy process in the case of PAHs [22, 28] , and slower processes such as the loss of C 2 H 2 , that requires structural rearrangements leading to external ring opening. The H/C 2 H 2 ratio was found to increase when decreasing the energy in the cases of cationic pyrene and coronene. In experiments on pyrene [12], the loss of H appears as the dominant channel for an incident energy in the range (19-21) eV used to ionize and fragment the pyrene cation. Knowing that the photo-ion appearance of C 16 H + 10 is 7.45 eV [7] , between 11 and 13 eV should be available for dissociation. From our MD simulations, we may infer that either less than 22 eV would lead to the H-loss as the only major dissociation channel or, conical intersections may play a crucial role, favouring the H-loss path. In the particular case of C 24 H + 12 , we found conditions (less than 30 eV of internal energy) where the loss of H would become the unique dissociation channel, which is in line with experimental studies such as photodissociation ion trap experiments (there is sequential loss of H atoms following the sequential absorption of several photons) [56] . With the perspective of the study of larger compact PAHs, we expect to encounter the loss of H as the unique dissociation path at the minimum energy to observe dissociation (in our simulations). The few determined τ characteristic times show the drastic influence of internal energy on the dissociation kinetics. One may note that the orders of magnitude (10-44 ns) obtained at the energies chosen in this work are much below the typical IR radiative lifetime of PAHs (10 −2 s).
To summarize, we found with our approach based on extensive MD simulations in the ground state that, for a chosen set of energies, PAH radical cations major dissociation pathways are the losses of H and ethylene C 2 H 2 . These are known to be the dominant dissociation channels for PAHs following photo-absorption processes or low-energy collision-induced dissociation experiments. We have also shown that the H/C 2 H 2 ratio depends on the PAH, on energy and on time and that it increases with the size of the PAH, which seems in line with experimental data and modelling [7, 8] .
Conclusion
In this work, we first show that the SCC-DFTB ground states PES of PAH + is similar enough to the DFT one, so that it can be used for MD simulations. By studying the statistical dissociation of cationic naphthalene, pyrene and coronene with high internal energies, interesting trends could be derived. We have studied the evolution of the branching ratios and kinetics as a function of energy for a given PAH, and as a function of the PAH. The timescale as revealed by the typical lifetime disappearance of the initial parent is very sensitive to the total internal energy deposited in the PAH, the higher energy, the shorter the lifetime. In fair agreement with other experimental results and modelling, the major fragments are C 2 H 2 , under its ethylene form, and H. The H loss has been analysed as a fast and direct process being favoured at low energy and with increasing PAH size. On the opposite, the loss of C 2 H 2 under its ethylene form is major for small PAHs, and is the dominant path at long times at high energy, which is a signature of an indirect process requiring structural reorganization with significant barriers. The loss of H 2 has a smaller branching ratio. a probably higher energy process. Our simulations also show that, prior to dissociation, many structural rearrangements occur, involving H migration, vinylidene type complexes and external ring openings. Such a semiquantitative study is interesting for astrochemistry as important trends on branching ratios, kinetics, structures and hints on the formation mechanism of the ejected neutral fragments can be derived. Although the electronic excited states are not taken into account, this is probably reasonable assuming fast internal conversion, thanks to the presence of conical intersections. However, their presence may affect kinetics and branching ratios, and that will be the object of future studies. The direct comparison with experimental data is delicate owing to the uncertainties in the processes' timescales and in the amount of internal energy transferred to the system. A perspective could be to distinguish isomers from the difference in their dissociation paths and compare with experimental results.
